Modifications of low-energy theorems for the scattering of longitudinally polarized W and Z bosons in an alternative model of electroweak symmetry breaking are discussed. The symmetry breaking pattern SU (4)/SU (2) leads to light (compared to 1 TeV) pseudo-Goldstone bosons. Their interactions with electroweak gauge bosons are described by chiral (or effective) lagrangian. Tree-level contribution of the pseudo-Goldstone bosons to the scattering amplitudes are computed. Comparison with the Standard Model is given.
Introduction
One of the open questions in high energy physics is the mechanism of electroweak symmetry breaking (EWSB). There is no definitive theory of EWSB and several competing ideas have been suggested. We can classify these models according to the strength of forces responsible for EWSB like weakly or strongly interacting symmetry breaking models [1] . The typical example of weakly interacting EWSB model is the Standard Model (SM) with light Higgs particle or the Minimal Supersymmetric SM. On the other hand the strong self-interactions are a generic feature of the models with dynamical symmetry breaking like technicolor models (for a review of strong EWSB see [2] ). Weakly coupled models can be studied perturbatively, but our understanding of strongly coupled field theories is quite incomplete. In order to test the idea of strongly interacting EWSB we need model-independent interpretation of experiments.
The framework of chiral lagrangian has proven useful in describing the low-energy interactions of light mesons, interpreting them as Goldstone bosons of chiral symmetry breaking [3] . The same technique can describe interactions of Goldstone bosons in any strongly interacting theory with spontaneous symmetry breaking of global symmetry [4] . Extension to the case of breaking global and local symmetry simultaneously [5] gives the model-independent description of strongly interacting EWSB. This technique describes the low energy (E ≪ Λ SB ) effective interactions using the symmetry structure of the underlying theory. The energy scale Λ SB is related to the vacuum expectation value v . = 250 GeV
where M SB is the mass of the lightest resonance of the symmetry breaking sector [9] . These models are not considered as truly fundamental field theories and are intended to represent the approximate magnitude of scattering cross sections only. Sensitivity of different types of colliders to the strongly interacting EWSB has been discussed in a series of articles [6] .
The physics that breaks electroweak symmetry is responsible for giving the W and Z their masses. As a part of the Higgs mechanism, these bosons, which are massless and transversely polarized before symmetry breaking, pick up longitudinal polarization states, by combining with the Goldstone bosons of EWSB. If we examine any amplitude for a subprocess involving longitudinal polarization states of W and Z, we find that as the energy gets large (E ≫ m W ), the W L and Z L behaves more and more like the swallowed degrees of freedom. This correspondence can be proved; it is called Equivalence Theorem (ET) [7] . Therefore the interactions of W L and Z L could provide a good way to probe the interactions of the symmetry breaking sector. Note that the use of ET in the framework of chiral lagrangian requires some modifications [8] . In this paper we will not use the ET.
It has been shown that some universal low-energy theorems (LET) for scattering of longitudinally polarized W and Z hold [9] . These theorems are valid below the scale Λ SB , provided that the symmetry breaking sector contains no particles much lighter than that scale. Using the notion of ET this theorems are the analogy of π − π scattering theorems in models of low-energy hadronic physics. In this paper we study the LET in the alternative model of EWSB proposed by Chivukula and Georgi [10] . Due to the breaking of a large initial global symmetry group the model leads to the predictions of pseudo-Goldstone bosons (PGB) [11] . Masses of these bosons can be smaller than 1 TeV thus they can modify the LET.
The next section gives a review of the LET, then we shortly describe SU (4)/SU (2) model, explicitly writing down relevant interactions among vector bosons and PGB. Tree-level contributions of the PGB to the vector boson scattering are calculated in the section 4. Finally the modifications of LET are summarized in form of plots and tables.
Low-energy Theorems
The LET give the scattering amplitudes of longitudinally polarized electroweak gauge bosons in models of EWSB, when the only Goldstone bosons are the three that are eaten by the W ± , Z in the Higgs mechanism. These theorems are valid in the domain m
SB if there are no particles that are light compared to the Λ SB . Derivations, given in [9] , show that under these assumptions all corrections to the amplitudes from strongly interacting EWSB sector decouple, except that renormalizing m W and ρ. The LET are derived by three methods. Perturbative analysis shows that LET are determined by the gauge sector alone, chiral lagrangian gives model-independent formulation based only on the symmetry structure of the EWSB sector and current-algebra stresses the analogy with pion low-energy theorems.
We summarize the LET 3 in the table 1. When neglecting small constant term then the LET are equal to the high-energy (E ≫ m W ) limit of the gauge part of the complete amplitude [12] .
process LET 
SU (4)/SU (2) Model
The model describes alternative structure of EWSB based on SU (4)/SU (2) 4 . Detailed description of general principles as well as the application to this special case is given also in [12] .
Let us denote SU (4) resp. SU (2) Lie algebras of initial global symmetry group SU (4) resp. its unbroken subgroup SU (2). The generators of SU(4) are decomposed as λ A = {t i , x a } where t i forms a basis in the unbroken SU(2) and x a are broken generators i.e. a basis in the orthogonal subspace.
Generators are normalized such that T r{λ A λ † B } = δ AB . According to general arguments [3, 4] the number of Goldstone bosons (GB) is equal to the number of broken generators, n GB = dim SU (4) − dim SU (2) = 12. The GB, or broken generators, can be decomposed into irreducible multiplets of the unbroken subgroup. In this case we have one quintuplet π 
The first term represents ordinary gauge bosons interactions
Second term is gauge invariant kinetic term of GB fields
J j µ are defined by decomposition of the quantity e −iΠ (∂ µ + iW αµ w α )e iΠ into broken and unbroken subspaces
where j = 1, 3, 3 ′ , 5 labels irreducible multiplets and dot denotes 'scalar' product inside given multiplet j
The GB fields are contained in
where f j are parameters with dimension of mass. Expression ∂ µ + iW αµ w α is ordinary gauge covariant derivative i.e. W µα are gauge bosons fields and w α are generators of SU (2) × U (1) electroweak gauge group including gauge coupling constants g and g ′ . Last term parametrizes electroweak contributions to the scattering of GB of order g 2 and/or g ′2 . It contains mass term and nonderivative interactions of GB. Using this part of the lagrangian we can identify fictitious GB (FGB), eaten in the Higgs mechanism, real GB, which remain massless and pseudo GB (PGB) with masses induced by explicit symmetry breaking given by electroweak interaction 5 . Problem of finding L m is known as vacuum alignment problem [11] . In the model discussed we have just three massless GB, namely the FGB, and nine massive PGB [12] . The final form of L m is
There is also a model of weakly interacting EWSB with extended multiplet structure of the Higgs sector containing a 5-plet H and two singlets H 0 1 and H ′ 1 [13] . 5 Other source of PGB masses can be extended technicolor [14] .
where x j are multiplets of broken generators, σ and τ are Pauli matrices and w α (Π) = e −iΠ w α e iΠ . Parameters a, b, c are positive dimensionless numbers of order one and f has dimension of mass. It is expected that different f 's i.e. f j in L KE and f in L m are of the same order [10] . Only the value of f 3 is fixed by relation
following from gauge boson mass matrix.
4 Modifications of Low-energy Theorems Table 2 : General contributions to the individual processes in different channels (s, t, u). Table 2 gives an overview of general type contributions to the processes in question. In general, there are four types of vertices with different coupling constants but in the given model there are six of them as can be seen from the relevant part of the interaction lagrangian [12] 
where
and e = g sin θ W .
Fictitious GB G ± are set to zero in the U -gauge. Unfortunately, only the doubly charged field π 5 ++ is a mass eigenstate. Other π fields are, in general, not. Numerical diagonalization of GB mass matrix has been done for the values of parameters α = 0.5, 0.9, a, b, c, d = 1 and all the f ′ s equal [12] . The result was expressed in multiples of f . Using the only fixed value of f , f 3 in (8), we can get an estimate of the pseudo-GB masses. The mass eigenstate fields ϕ an fields π are related by The fields ϕ 7,8 resp. ϕ 9,11 are real resp. complex scalar fields. In the following we neglect this fact and we assume that the π fields are themselves mass eigenstates. To plot a graphs we have choose masses of π 1 and π 5 according to eigenvalues calculated in [12] m π 1 . with f = f 3 = 174 GeV. First we give general expressions of tree-level scattering amplitudes of longitudinally polarized gauge bosons for each row of the table 2. Then we take into account the particle content of the SU (4)/SU (2) model. We will write the amplitude in a form
The couplings g 1 , g 2 can be read off from (9) e.g.
Note the factor 2 in the coupling involving two identical particles. We denote the contributions to the scattering amplitude from pseudo-Goldstone bosons as M (n) SB . Then complete amplitude of the process #n is
gauge are given in [12] or in earlier papers [15] . gauge is almost equal to the amplitude given by the low-energy theorems.
W
A (1) uπ (s, cos
θ cm is the angle between k 1 and k 3 in the CM system. Since we assume that the pseudo-Goldstone bosons are light i.e. m π ∼ m W the high-energy (s ≫ m 2 W ) expansion of the amplitudes takes a simple form A
(1)
The symmetry breaking part of complete amplitude is
Using values of coupling constant from (9) and high-energy limits of A ′ s given in (15) we get
where the contributions from individual terms in M 
Kinematical variables are related by
where in CMS
High-energy expansions are the same as in (15) . In this case the symmetry breaking amplitude differs form M Taking into account only the leading terms in s we get analogous expression as for M
Similarly, for the simple choice of parameters f
Formulas for processes #3 and #4 are easily obtained by setting m Z = m W in (14) or (18).
High-energy expansion has the form
which simplifies for the simple choice of f to 
For the sake of completeness we give results for the process #4
Expanding in powers of s
and for
Conclusion
Using the formulae (17,20,22,24) we can discuss the modifications of the low-energy theorems caused by individual pseudo-Goldstone boson. ). The approximate relation s + t + u . = 0 is used. Note that to the process ZZ → ZZ contributes exchange of neutral PGB in s, t and u channels. This leads, in the limit s, t, u ≫ m W , m Z , m π , to the amplitude proportional to (see (15) ) s + t + u ∼ 0. The signs of neutral PGB contributions to the processes #3 and #4 are the same as the Higgs ones. It is interesting that no modifications occur for α = 0. The value of α is restricted by Goldstone boson kinetic term to |α| < 1 [10] . The presence of the term proportional to α is enabled by the existence of two different triplets 3 and 3 ′ (see (4) ). The fact that there can be more than one H-irreducible multiplet was pointed out in [16, 17] where as the most general lagrangian is presented with n being the number of H-irreducible multiplets. Thus the fact that it is possible to combine different multiplets was neglected. A detailed discussion of the structure of chiral lagrangian containing combinations of different multiplets with classification of Goldstone bosons and definition of the U -gauge can be found in [12] . Table 4 gives more compact view on the PGB contribution in the case f 3 ′ = f 5 = f 1 .
Comparing figure 1 (W W → ZZ) and figure 4 (W + W − → W + W − ) we can see opposite signs of the couplings
